Abstract Chiari I malformations are often associated with congenital craniocervical anomalies such as platybasia, basilar invagination, and retroflexion of the odontoid process. Management of ventral brain stem compression associated with Chiari I malformations remains controversial, but several authors report a significant rate of failure with suboccipital decompression alone in the presence of pronounced ventral brain stem compression (VBSC). Treatment options described in the literature for these patients involve anterior, posterior, or combined decompressions with or without concurrent arthrodesis. A combined anterior and posterior approach provides a definitive circumferential decompression but also significantly disrupts the stability of the occipitocervical junction usually necessitating occipitocervical fixation. We describe an alternative surgical treatment for Chiari I patients with significant ventral brain stem compression where a combined anterior and posterior decompression was considered necessary. We report two patients who underwent transoral odontoidectomy with preservation of the anterior arch of the atlas and suboccipital craniectomy with C1 laminectomy followed by C1-C2 arthrodesis. Preservation of the anterior arch of the atlas in conjunction with C1-C2 arthrodesis stabilizes the occipito-atlanto-axial segments while conserving more cervical mobility as compared to an occipitocervical fusion.
Introduction
Chiari I malformations are generally defined as cerebellar tonsillar descent greater than 5 mm below the foramen magnum. When symptomatic it is usually treated by suboccipital decompression [6, 12, 17, 38] . Management of Chiari malformations with ventral brain stem compression (VBSC) remains a more controversial issue. Ventral brain stem compression associated with Chiari I malformation usually arises from basilar invagination or odontoid retroflexion and has a reported incidence of 4-31% [12, 19, 34, 43] . Treatment options include a standard suboccipital craniectomy, a transoral odontoidectomy, or a combination of either or both with additional internal stabilization [8, 11, 12, 15, 17, 19, 27, 33, 35, 45, 50] .
Some authors advocate a surgical approach that addresses the primary location of compression and pathology [46, 50] . Therefore, a suboccipital craniectomy would be the treatment of choice for standard Chiari I malformations, a transoral odontoidectomy would be preferable for ventral pathology, and a combined decompression for VBSC with a Chiari malformation. Grabb et al. have proposed that ventral brain stem compression less than 9 mm, as measured by a perpendicular line transecting the line from the basion to the posterior body of C2 (pB-C2), be managed with a suboccipital craniectomy alone [19] . They also reported a case with VBSC greater than 9 mm where dorsal decompression alone failed to improve symptoms. In addition, many other reports have described progression of symptoms from VBSC, either immediately or in a delayed fashion, after suboccipital craniectomy alone [3, 5, 19, 32, 43, 44, 50] .
Variations in techniques performed with suboccipital craniectomies include duraplasty, opening the arachnoid, cautery of the cerebellar tonsils, obex plugging, and removal of the posterior arch of the atlas or axis [6, 12, 17, 38] . Unless pre-operative instability exists, a suboccipital craniectomy is not routinely supplemented with internal fixation. However, after transoral-transpharyngeal odontoidectomy many authors advocate external orthoses or internal stabilization [12, 33, 50] . After a circumferential decompression with odontoidectomy and suboccipital craniectomy with cervical laminectomy, the integrity of the atlanto-axial complex is significantly disrupted and internal stabilization is required. An occipitocervical fusion typically has been utilized in other reports. Occipitocervical fusion, however, limits cervical motion in a functionally significant manner. In light of this, we sought to adapt previously described techniques to allow for circumferential decompression in patients with Chiari I malformations and significant VBSC while obviating the need for occipitocervical fusion. We present two patients with significant ventral brain stem compression associated with Chiari I malformations who underwent transoral odontoidectomy with preservation of the anterior arch of C1 and suboccipital craniectomy and C1 laminectomy with posterior C1-C2 arthrodesis. This method allows for an excellent circumferential decompression while preserving occipitocervical motion.
Materials and methods

Case 1
The first patient was a 32-year-old woman who developed progressively worsening symptoms of cough headaches, difficulty swallowing, left hand numbness and fatigue over 3 years (Fig. 1) . On examination, she was diffusely hyperreflexive. Pre-operative MRI flow studies showed impaired CSF flow across the cervico-medullary junction and a pB-C2 measurement greater than 9 mm. She underwent a complete transoral odontoidectomy with preservation of the anterior arch of C1. The base of the clivus was drilled and decompressed to the rostral edge of the arch of C1. The patient then underwent a suboccipital craniectomy and duraplasty with C1 laminectomy and C1-C2 arthrodesis using C1 lateral mass fixation and C2 pars interarticularis screws (Figs. 2, 3) . The C1-C2 articular joint was decorticated and packed with autograft from the craniectomy and laminectomy. As per our routine post-operative transoral odontoidectomy protocol, the patient was extubated the following day and received nutrition by nasogastric tube for 1 week. She was maintained in a hard collar for 12 weeks post-operatively until reassessed in follow-up (Figs. 4, 5) . At last follow-up, 14 months post-operatively, she had complete relief of her pre-operative symptoms and has continued to do well. Post-operative flexion and 
Case 2
The second patient was an 18-year-old woman with progressively worsening cough headaches, tremors, and numbness in her maxillary distribution as well as her hands. Pre-operative imaging confirmed impaired flow at the cervico-medullary junction secondary to ventral brain stem compression and a Chiari I malformation. Furthermore, the posterior arch of C1 was noted to be incomplete. She underwent a transoral odontoidectomy with preservation of the anterior arch of C1 and suboccipital decompression with duraplasty and C1 laminectomy. She was then stabilized using C1 lateral mass fixation and C2 pars interarticularis screws with rods. Her post-operative course was uncomplicated and similar to patient 1. At 10-month follow-up, she had resolution of her symptoms and continues to do well.
Surgical technique
After oral intubation, the odontoidectomy was performed first. Patients were positioned in 3-point fixation using Mayfield pins in slight extension. Access to the basion and base of C2 in the final head position was confirmed using fluoroscopy. A standard transoral odontoidectomy exposure was performed. Approximately 1 mm of the inferior rim of the anterior arch of C1 was removed to improve exposure of the rostral odontoid. The drilling of the anterior arch of the atlas is limited to only 1 mm of the inferior rim as opposed to the traditional transoral odontoidectomy where the complete arch is removed. The apical ligament was then transected with the Orion EMF Tissue Vaporizer (Orthodevelopment, Salt Lake City, UT). The base of the odontoid was then removed using a Midas Rex Legend EHS Stylus drill. The anterior arch of C1 was preserved and the tip of the odontoid was pushed down into view with a nerve hook placed above the arch of C1. This was then drilled away using the curved Midas Rex Legend drill bit.
After closure of the pharyngeal incision, the patient was turned prone onto a Wilson frame and underwent a suboccipital craniectomy and C1 laminectomy with duraplasty. After decompression, the lateral masses of C1 and C2 were exposed and C1 lateral mass screws, C2 pars interarticularis screws and connecting rods were placed along with autograft as described by other authors [21] (Figs. 6, 7, 8 ).
Discussion
Management of Chiari I malformations involves expanding the posterior fossa and relieving compression at the foramen magnum. Suboccipital decompression is the conventional treatment although variations exist on the use of duraplasty, cervical laminectomy, plugging of the obex, division of the arachnoid membrane, and cauterization of the cerebellar tonsils [6, 12, 17, 38] . Treatment of Chiari I malformations can sometimes be complicated by skeletal anomalies such as platybasia, basilar invagination, and occipitalization of the atlas [50] . Basilar invagination exists concurrently with Chiari malformations in 4-31% of cases and can contribute significantly to ventral brain stem compression at the foramen magnum [12, 19, 34, 43] . Furthermore, retroversion or retroflexion of the odontoid (odontoid process of epitropheus) can also contribute significantly to VBSC [40] . The presence of ventral compression concurrently with posterior herniation of the cerebellar tonsils has led some authors to advocate both anterior and posterior decompression [5, 7, 9, 31, 46, 50] . Proponents of combined surgeries emphasize the importance of treating both areas of compression and have reported resolution of symptoms with good results. Grabb et al. found posterior decompression alone to be sufficient treatment in all their patients with pB-C2 measurements less than 9 mm and even in many of those with values greater than 9 mm. However, they did report a patient who worsened after a posterior decompression alone and required an odontoidectomy to relieve symptoms [19] . Several reports have described immediate or delayed progression of symptoms with significant neurological sequelae after posterior decompression alone in the presence of VBSC [3, 5, 9, 12, 19, 31, 33, 43, 44, 50] . Hypotheses explaining immediate worsening of symptoms include further instability after dorsal decompression creating more VBSC or intra-operative flexed positioning causing increased ventral odontoid compression. It is unclear if a posterior fusion at the time of decompression would prevent worsening in these cases. Progressive cervical kyphosis has also been reported with suboccipital craniectomies for tumor or Chiari decompression in the pediatric population. The risk of post-operative kyphosis in children has been associated to the caudal extent of laminectomies. Preservation of ligamentous attachments to C2 may limit the development of post-operative kyphosis [2, 29, 42] .
In the presence of significant ventral compression many authors advocate ventral decompression through a transoral-transpharyngeal odontoidectomy [12, 27, 32, 33] . Although not a standard treatment, many cases have been described where anterior decompression alone has led to resolution of symptoms [8, 12, 27] . Many of these reports describe interval improvement prior to staged posterior surgical intervention, but some cases of anterior surgery alone or anterior decompression with fusion have been reported [8, 16, 25, 27] . Most authors have discarded using an anterior fusion given the risk of infection through the oral cavity combined with a devascularized bone graft and instrumentation [16, 33, 44] . Also, biomechanical studies have shown anterior transoral plates to be less effective than transarticular screws in immobilizing the atlanto-axial articulation [25] . Impairment of CSF flow across the foramen magnum with VBSC is largely secondary to osseous compression and therefore preservation of the tectorial membrane and alar ligaments can address the underlying pathophysiology while maintaining stability.
Odontoidectomy alone as management of VBSC is limited by its destabilization of the atlanto-axial junction. Dickman et al. found significant increases in translation and range of motion (ROM) in all movements except axial rotation after odontoidectomy [9] . Clinical series have found up to 70% of transoral odontoidectomy patients develop instability requiring instrumentation [7, 9, 12, 16, 44, 46] . The incidence of instability after odontoidectomy for Chiari malformations is likely slightly lower as other pathologies are often associated with greater degrees of atlanto-axial instability such as rheumatoid arthritis [9] . Goel et al. found only one case (5%) of basilar invagination associated with Chiari malformations reduced with traction, whereas all others not associated with Chiari malformations corrected with traction [16] . They also have reported several cases of anterior and posterior decompression of Chiari malformations without subsequent destabilization [16] . The extent of ligamentous disruption or stabilization from arthritic change may partially explain the discrepancy from other series and also justify preserving motion through an atlanto-axial arthodesis as opposed to the traditional occipitocervical fixation for Chiari I pathology.
The occipito-atlanto-axial joint contributes greater than 50% of cervical spine motion [48] and arthrodesis across the joint severely limits post-operative cervical motion. Biomechanical studies have supported that the occipitoatlantal joint provides 3-8°of axial rotation [10, 18, 36] , and 14-25°of flexion-extension [4, 18, 47] ; whereas the atlanto-axial articulation supports 10-25°of flexionextension [4, 30, 47] . Furthermore, the atlanto-axial joint provides approximately 2.3-20°of lateral bending and 36-75°of axial rotation [4, 18, 30, 48] . Puttlitz et al. compared differing techniques of occiput to C2 arthrodesis and noted significant reduction in motion with successful fusion [39] . In cadaveric models, normal axial rotation was reduced from 82.1 to 2.6°after occipito-axial fusion. Furthermore, flexion-extension motion was reduced from 52 degrees to 3.5% of the normal range of motion and lateral bending was limited from 23.6 to 1.3°. Therefore arthrodesis between the occiput and axis significantly limits range of cervical motion.
Alternative fusion techniques such as atlanto-axial fixation maintain significant ROM and provide a stable biomechanical option. Atlanto-axial athrodesis limits axial rotation of the cervical spine, but preserves the flexionextension range of motion from the atlanto-occipital joint [22] . If the pathology is reducible pre-operatively and significant basilar invagination is present, occipitocervical fusion may be preferred. However, as mentioned previously, Goel et al. found only 5% of cases with basilar invagination and associated Chiari malformations to reduce with traction and even reported stability in cases after anterior and posterior decompression [16] .
Multiple biomechanical models have compared various atlanto-axial fixation techniques such as C1 lateral mass screws and C2 pars interarticularis screws, transarticular screws, Brooks, Gallie, atlas claws and combinations of techniques of fusion [20, 22, 23, 28, 30, 41] . Suboccipital craniectomy and C1 laminectomy limit available techniques for arthrodesis, but other well-established alternatives are still viable. Transarticular screw fixation and atlanto-axial screw and rod fixation provide greater resistance to motion and better stabilization than the other alternatives and can still be utilized after laminectomy of the atlas [20, 22, 23, 28, 30, 41] . When supplementation of transarticular screws with posterior wiring and interlaminar graft is not possible, C1 lateral mass and C2 pars screw fixation provides greater stabilization [28, 30] . Both techniques have high rates of fusion, strong resistance to motion, good resistance to screw pull-out and supply sufficient stability [23, 24] . However, transarticular screws have been associated with a 2.6-4.1% risk of vertebral artery injury [14, 49] . Furthermore transarticular screw placement may be limited by anatomic variations in the vertebral artery; up to 18-23% of patients may have an unusual course of the vertebral artery prohibiting transarticular screw placement [37] . Although some consideration should be given to the anatomic differences of the cervical spine between adults and children, atlanto-axial arthrodesis using C1 lateral mass screws and C2 pars interarticularis screws have been described in children as young as 2 years of age [21] .
Although not a standard technique, we opted to preserve the anterior arch of the atlas. With atlanto-axial fixation, preservation of the anterior arch of C1 is not mandatory, but an intact anterior arch of the atlas theoretically provides greater support in the coronal plane and may act as a physiologic cross-link. Preservation of the atlas offers another axis of support and may help to limit lateral displacement of the lateral masses of C1. The preservation of the anterior arch of C1 is easily accomplished and can be facilitated with endoscopic techniques if necessary [1, 13, 26] .
When a combined anterior and posterior surgical intervention is preferred, timing and order of the procedures should be carefully considered. We prefer to perform both procedures at one time, but others have delayed the posterior exposure by months. Some surgeons first perform a transoral odontoidectomy to decompress the VBSC in hopes of avoiding progressive neurological worsening from an initial posterior procedure. However, other surgeons may prefer to initially decompress posteriorly and stabilize the segments prior to a ventral decompression. Extension of the neck during positioning for a transoral exposure shifts the odontoid ventrally and potentially alleviates compression; whereas flexion for a suboccipital craniectomy may worsen ventral compression of the brain stem by moving the odontoid dorsally. Therefore, with anterior and posterior compression, we opt to perform a ventral decompression first prior to the suboccipital craniectomy [9, 43, 50] . If staged intervention is adopted, post-operative stability should be evaluated. Perhaps ventral decompression alone is adequate to relieve symptoms from VBSC in Chiari malformations and consideration should be given to postponing posterior surgery if stability and symptomatic relief are present.
Given the degree of VBSC and incidence of instability after transoral odontoidectomy, we chose to manage both patients with combined decompressions and posterior arthrodesis. We report a viable alternative to management of patients with significant VBSC and Chiari malformations. Preservation of the anterior arch of the atlas provides an additional degree of stability while atlanto-axial fixation preserves additional cervical motion.
